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(57) ABSTRACT

A flexural pivot 1s disclosed. The flexural pivot can include
a first flexure support member, a second flexure support
member rotatably coupled to the first flexure support mem-
ber for relative rotation about a first axis, and a third flexure
support member rotatably coupled to the second flexure
support member for relative rotation about a second axis. In
addition the flexural pivot can include a plurality of cross
blade flexures rotatably coupling the flexure support mem-
bers to one another. Each cross blade flexure can have first
and second flexible blade umts that have flexible blades
arranged 1n a cross configuration. The tlexible blade units
can have blade supports disposed at opposite ends of the
flexible blades to facilitate coupling the tlexible blade units
to the tflexure support members. The flexible blade and the
blade supports of each flexible blade unit can form a
monolithic structure.
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1
FLEXURAL PIVOT

BACKGROUND

Flexural pivots are devices that permit mechanical mem-
bers to pivot about a common axis relative to each other
through a limited angle range. Because angular motion 1s
accomplished through flexing of elastic flexural elements,
rather than contact surface displacement, flexural pivots
operate without friction and thus without a need for lubri-
cation. Flexural pivots can therefore be a substitute for
bearings in applications where friction and/or the need for
lubrication are concerns.

BRIEF DESCRIPTION OF THE DRAWINGS

Features and advantages of the invention will be apparent
from the detailed description which follows, taken 1n con-
junction with the accompanying drawings, which together
illustrate, by way of example, features of the invention; and,
wherein;

FIG. 1A 1s a top perspective view of a flexural pivot in
accordance with an example of the present disclosure.

FIG. 1B 1s a bottom perspective view of the flexural pivot
of FIG. 1A.

FIG. 1C 1s an exploded view of the flexural pivot of FIG.
1A.

FI1G. 2 illustrates a tflexible blade unit of the flexural pivot
of FIGS. 1A-1C.

FIG. 3 illustrates a first flexure support member of the
flexural pivot of FIGS. 1A-1C.

FI1G. 4 illustrates a second flexure support member of the
flexural pivot of FIGS. 1A-1C.

FIG. 5 1llustrates a third flexure support member of the
flexural pivot of FIGS. 1A-1C.

Reference will now be made to the exemplary embodi-
ments illustrated, and specific language will be used herein
to describe the same. It will nevertheless be understood that
no limitation of the scope of the invention 1s thereby
intended.

DETAILED DESCRIPTION

As used herein, the term “substantially” refers to the
complete or nearly complete extent or degree of an action,
characteristic, property, state, structure, 1tem, or result. For
example, an object that 1s “substantially” enclosed would
mean that the object 1s either completely enclosed or nearly
completely enclosed. The exact allowable degree of devia-
tion from absolute completeness may 1n some cases depend
on the specific context. However, generally speaking the
nearness of completion will be so as to have the same overall
result as 11 absolute and total completion were obtained. The
use of “substantially” 1s equally applicable when used 1n a
negative connotation to refer to the complete or near com-
plete lack of an action, characteristic, property, state, struc-
ture, 1item, or result.

As used herein, “adjacent” refers to the proximity of two
structures or elements. Particularly, elements that are 1den-
tified as being “adjacent” may be either abutting or con-
nected. Such elements may also be near or close to each
other without necessarily contacting each other. The exact
degree of proximity may in some cases depend on the
specific context.

An 1itial overview of the inventive concepts 1s provided
below and then specific examples are described 1n further
detail later. This initial summary 1s intended to aid readers 1n
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2

understanding the examples more quickly, but 1s not
intended to identily key features or essential features of the
examples, nor 1s it intended to limit the scope of the claimed
subject matter.

A variety of flexural pivots are commercially available for
a variety of applications. Common problems with typical
commercial off-the-shell (COTS) flexural pivots are repeat-
able performance and reliability, particularly where high
performance and durability are required for the application.
This may be due to the difliculty in manufacturing tlexural
pivots 1n a commercially viable manner. Thus, 1t 1s desirable
to develop a flexural pivot design that provides high per-
formance and reliability while being relatively simple and
cost-ellective to produce.

Accordingly, a tlexural pivot 1s disclosed that can provide
high performance and reliability and that 1s readily able to be
manufactured. The flexural pivot can include a first flexure
support member, a second flexure support member rotatably
coupled to the first flexure support member for relative
rotation about a first axis, and a third flexure support
member rotatably coupled to the second flexure support
member for relative rotation about a second axis. In addi-
tion, the flexural pivot can include a plurality of cross blade
flexures rotatably coupling the flexure support members to
one another. Each cross blade flexure can have first and
second flexible blade units that have tlexible blades arranged
in a cross configuration. The flexible blade units can have
blade supports disposed at opposite ends of the flexible
blades to facilitate coupling the flexible blade units to the
flexure support members. The flexible blade and the blade
supports of each flexible blade unit can form a monolithic
structure.

A flexural pivot system 1s also disclosed. The system can
comprise a tlexural pivot including a first flexure support
member, a second flexure support member rotatably coupled
to the first flexure support member for relative rotation about
a first axis, and a third flexure support member rotatably
coupled to the second flexure support member for relative
rotation about a second axis. The flexural pivot can also
include a plurality of cross blade flexures rotatably coupling
the flexure support members to one another. Each cross
blade flexure can have first and second flexible blade units
that have flexible blades arranged 1n a cross configuration,
the flexible blade units having blade supports disposed at
opposite ends of the flexible blades to facilitate coupling the
flexible blade units to the flexure support members. The
flexible blade and the blade supports of each flexible blade
unit can form a monolithic structure. The system can also
include a first structure coupled to the first flexure support
member, and a second structure coupled to the third flexure
support member to facilitate relative rotation of the first and
second structures about the first and second axes.

In addition, a method for making a cross blade tlexure 1s
disclosed. The method can comprise obtaining a workpiece
having a length. The method can also comprise forming a
proflle 1n the workpiece of a flexible blade and blade
supports disposed at opposite ends of the flexible blade such
that the profile extends along the length. The method can
further comprise dividing the workpiece 1nto portions along
the length to form a plurality of flexible blade units, each
having the same profile of flexible blades and blade supports
in a monolithic structure. Additionally, the method can
comprise pairing two of the flexible blade units such that the
flexible blades are arranged 1n a cross configuration to form
a cross blade flexure. It 1s noted that no specific order is
required 1n this method, though generally 1n one embodi-
ment, these method steps can be carried out sequentially.
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One embodiment of a flexural pivot 100 1s 1llustrated in
FIGS. 1A-1C. The flexural pivot 100 can comprise a first
flexure support member 110, a second flexure support mem-
ber 120 rotatably coupled to the first flexure support member
110 for relative rotation about a first axis 101, and a third
flexure support member 130 rotatably coupled to the second
flexure support member 120 for relative rotation about a
second axis 102. The axes 101, 102 can be orthogonal. The
flexural pivot 100 can be coupled to external structures to
tacilitate relative rotation of the structures about the axes
101, 102. For example, the flexural pivot 100 can be coupled
to and utilized with fast steering mirrors, which are com-
monly used 1n directed energy systems, long range laser
communications systems, telescopes, or other precision
optics applications, and therefore may be included 1n labo-
ratory-based systems, airborne line of sight stabilization
systems, satellites, etc. Thus, one external structure can be a
mounting structure of a satellite, and the other external
structure can be a mirror. The external structures can be
coupled to the first and third flexure support members 110,
130 utilizing coupling interfaces such as openings or holes
111, 131, 132 (which may be threaded), a slot 133, a pin 112
(disposed 1n a hole 113), a stud, and other coupling inter-
faces.

The flexural pivot 100 can include cross blade flexures
140a-d rotatably coupling the flexure support members 110,
120, 130 to one another. For example, the cross blade
flexures 140a-b can rotatably couple the first and second
flexure support members 110, 120 to one another, and the
cross blade flexures 140c-d can rotatably couple the second
and third flexure support members 120, 130 to one another.
Thus, the first and second flexure support members 110, 120
can move relative to one another about the first axis 101, and
the second and third flexure support members 120, 130 can
move relative to one another about the second axis 102,
which can provide relative rotation of the first and third
flexure support members 110, 130 about two axes or 1n two
degrees of freedom. Two or more cross blade tlexures can be
utilized for a given axis to provide stability for the flexure
support members. In this example, the second tlexure sup-
port member 120 moves 1n only a single degree of freedom
with respect to each of the first and third flexure support
members 110, 130. The second flexure support member 120
may be referred to as a coupler due to its intermediate
relationship with respect to the first and third flexure support
members 110, 130, as well as 1ts function coupling the
two-axis rotational movement of the flexural pivot 100.

Each cross blade flexure 140a-d can have two or more
flexible blade units 141 that have flexible blades 142
arranged 1n a cross configuration. A tlexible blade unit 141
1s shown 1solated 1n FIG. 2. The flexible blade units 141 can
have blade supports 143a, 1435 disposed at opposite ends of
the tlexible blades 142 to facilitate coupling the flexible
blade units 141 to the flexure support members 110, 120,
130. The flexible blades 142 can extend perpendicularly
from planar surtaces 144a, 1445 of the respective blade
supports 143a, 143b. The flexible blades 142 can have any
suitable dimension, as the principles disclosed herein pro-
vide flexible blade units that are scalable to accommodate a
wide range of sizes and applications. In one example, the
flexible blades can have a length of 0.38 inches, a width of
0.15 inches, and a thickness of 0.033 inches.

The flexible blade units 141 can be coupled to the flexure
support members 110, 120, 130, such as with fasteners (e.g.,
bolts, screws, pins, etc). Accordingly, the blade supports
143a, 1435 can have openings 145, 146 to receive the
tasteners. The opemings or holes 145, 146 can be counter-
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sunk, as desired, to accommodate a fastener head. The blade
supports 143a, 1435 can have interface surfaces 147 (on one
or both sides) and the flexure support members 110, 120, 130
can have interface surfaces 107 (shown in FIG. 1C) that are
planar. For clarity, coupling features of the flexure support
members 110, 120, 130, such as interface surfaces and holes,
are 1dentified on the second tlexure support member 120 1n
FIGS. 1A-1C. These features are also shown in FIGS. 3-5
and 1dentified with the same reference numbers associated
with each individually illustrated flexure support member.

In one example, the flexible blade units 141 can be
assembled or coupled to the flexure support members 110,
120, 130 with screws or bolts 105 extending through the
openings or holes 145 in the flexible blade units 141 into
openings or holes 108 1n the flexure support members 110,
120, 130, which may be threaded. The openings or holes 146
in the flexible blade units 141 can be match drilled with
holes 109 1n the flexure support members 110, 120, 130. The
pins 106 can then be 1nserted into the opemings or holes 146,
109, which may have an interference fit with the openings or
holes 146, 109. Match drilling and pin 1nsertion can ensure
that the assembled components will not slip or move relative
to one another during use or vibration testing. In one aspect,
the blade supports 143a, 1436 can be welded to the flexure
support members 110, 120, 130 and/or to adjacent blade
supports of another flexible blade unit 141 to eliminate any
slippage between adjacent components. For example, the
blade supports 143a, 1435 and/or the flexure support mem-
bers 110, 120, 130 can be welded at a seam between adjacent
components (e.g., at a side seam).

In one aspect, the tlexible blades 142 of the flexible blade
units 141 can be prevented from contacting adjacent com-
ponents (e.g., another flexible blade unit 141 and/or a flexure
support member 110, 120, 130 to which the tlexible blade
unit 141 1s coupled) to facilitate smooth, unrestricted move-
ment of the flexible blades 142 during operation. For
example, the flexible blades 142 can be recessed relative to
the interface surfaces 147 of the blade supports 143a, 1435
to prevent the tlexible blades 142 from contacting adjacent
components. In other words, an outer surface 148 of the
flexible blade 142 may not be coplanar or flush with the
interface surfaces 147 of the blade supports 1434, 1435, and
may be contained within an outer space envelope of the
flexible blade unit 141 defined at least 1n part by the interface
surtaces 147.

In one aspect, the flexible blade units 141 can include
travel stops 149a, 1495 associated with each blade support
143a, 143b to mechanically limit a rotatable range of motion
of the flexible blades 142. The opposing travel stops 149a,
1495 of the blade supports 143a, 1435 can be configured to
contact one another at the rotational travel limits. The travel
stops 149a, 1496 can limit the range of motion to any
suitable degree. Typically, the travel stops 149a, 1495 will
be configured to prevent excessive bending of the flexible
blades 142 that may result in failure (e.g., yielding) of the
blades. The travel stops 149a, 1495 can have rounded
contact tips 150a, 1505 to provide more of a point-to-point
contact between opposing travel stops. The travel stops
149a, 1496 can be defined at least partially by the planar
surfaces 144a, 1445 and outer side surfaces 151a, 15156 of
the respective blade supports 143a, 1435, with the rounded
contact tips 150q, 1505 transitioming between them.

The flexible blade units 141 can have any suitable outer
shape or general profile, such as rectangular, circular, ellip-
tical, etc. The general outer shape or profile of the flexible
blade umt 141 shown in FIG. 2 1s rectangular. The general
outer shape or profile of a given tlexible blade unit may be
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governed by the shape or design of the flexure support
members 110, 120, 130, space constraints, etc.
The flexible blade units 141 of the cross blade flexures

140a-d can be substantially identical, particularly with
regard to perimeter shape (shown in FIG. 2), with the only
differences being manufacturing deviations, such as minor
variations in fastening features (e.g., the holes 145, 146,
counterbores, or other such openings), which may be due to
match drilling variations. In one aspect, the flexible blade
units 141 can be monolithic or one-piece structures. For
example, the tlexible blade 142 and the blade supports 1434,
1435 of each tlexible blade unit 141 can form a monolithic

or one-piece structure created from a single workpiece or
item ol material.

In one aspect, the principles disclosed herein can provide
a flexure design that 1s repeatable and relatively simple to
manufacture. For example, multiple 1dentical, monolithic
flexible blade unit structures can be made simultaneously by
forming a profile of the flexible blade unit 141 1n a work-
piece, which includes a profile of the flexible blade 142 and
the blade supports 143a, 1435 disposed at opposite ends of
the flexible blade 142 and optionally, the travel stops 149a,
14956. The profile of the flexible blade unit 141 can extend
along a length of the workpiece. The length of the workpiece
can be selected to at least equal a thickness of a final flexible
blade unit 141 multiplied by the number of tlexible blade
units 141 to be obtained from the workpiece. In one aspect,
all flexible blade units 141 for a given pivot flexure can be
formed from the same workpiece and setup to ensure
uniformity among the flexible blade units, which can pro-
vide predictable performance of the pivot flexure. In the case
of the pivot flexure 100 of FIGS. 1A-1C, all eight of the
flexible blade units 141 can be formed from the same
workpiece, thus ensuring all eight flexible blade units have
the same profile and dimensional characteristics, varying,
only slightly due to the particular manufacturing technique
utilized to form the profile 1n the workpiece.

The profile can be formed in the workpiece 1n any suitable
manner utilizing any suitable process or combination of
processes. For example, the profile may be formed 1n the
workpiece by machining, extruding, casting, forging, eftc.
Example machining processes include electrical discharge
machining (EDM), water jet cutting, milling, broaching, etc.
A manufacturing process may be selected based on the
design objectives, tolerance requirements, cost, etc. A wire
EDM process may provide precise machining that can meet
tight tolerances and accurately control the flexure surfaces,
which may be highly stressed during operation. The tlexible
blade umits 141 can be made of any suitable material, such
as titanmium or steel.

Once the profile of the tlexible blade units 141 has been
formed in the workpiece, the workpiece can represent a
stack of flexible blade units yet to be separated from one
another into multiple individual flexible blade units. Accord-
ingly, the workpiece can be divided into portions along the
length to form multiple flexible blade units 141 from the
workpiece that each have the same profile of flexible blades
and blade supports 1n a monolithic structure. The workpiece
can be divided 1into multiple flexible blade units 141 by any
suitable process or technique, such as cutting, sawing, etc. A
wire EDM process may be utilized to provide accurate
control of the surfaces resulting from the dividing process,
such as the interface surfaces 147. Final surfaces may be
achieved by grinding, honing, polishing, etc, to a desired
geometric and/or dimensional tolerance, and/or surface fin-
ish.
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With the flexible blade units 141 separated from one
another, the flexible blades 142 can optionally be recessed
relative to the interface surfaces 147 of the blade supports
143a, 1435. Any suitable process can be utilized to recess
the blades 142, such as grinding. In addition, one or more of
the opemngs or holes 145, 146 to receive fasteners can be
formed in the blade supports 143a, 1435 at this stage. The
openings or holes 145, 146 can be formed by any suitable
process, such as drilling. Optionally, one or more of the
openings or holes 145, 146 can be formed prior to dividing
the workpiece 1into multiple flexible blade unaits.

When the flexible blade units 141 are completed sufli-
ciently to begin assembly with the tlexure support members
110, 120, 130, two or more of the flexible blade units 141
can be arranged, such that the flexible blades 142 are
arranged 1n a cross configuration to form the cross blade
flexures 140a-d. For example, the flexible blade units 141
can be stacked back to back to achieve the cross blade
configuration. Typically, two of the flexible blade units 141
will be paired at a given location on the pivot tlexure 100 to
form the cross blade flexures 140a-d. The flexure support
members 110, 120, 130 can be manufactured utilizing any
suitable process or technique, such as those described above
with respect to the flexible blade units 141 (e.g., milling,
EDM, water jet machining, casting, forging, extruding,
drilling, etc.).

It 1s to be understood that the examples set forth herein are
not limited to the particular structures, process steps, or
maternals disclosed, but are extended to equivalents thereof
as would be recognized by those ordinarily skilled in the
relevant arts. It should also be understood that terminology
employed herein 1s used for the purpose of describing
particular examples only and 1s not intended to be limiting.

Furthermore, the described features, structures, or char-
acteristics may be combined in any suitable manner 1n one
or more examples. In the description, numerous specific
details are provided, such as examples of lengths, widths,
shapes, etc., to provide a thorough understanding of the
technology being described. One skilled in the relevant art
will recognize, however, that the invention can be practiced
without one or more of the specific details, or with other
methods, components, materials, etc. In other instances,
well-known structures, materials, or operations are not
shown or described 1n detail to avoid obscuring aspects of
the 1nvention.

While the foregoing examples are illustrative of the
principles of the invention 1n one or more particular appli-
cations, 1t will be apparent to those of ordinary skill 1n the
art that numerous modifications 1n form, usage and details of
implementation can be made without the exercise of inven-
tive faculty, and without departing from the principles and
concepts described herein. Accordingly, it 1s not intended
that the invention be limited, except as by the claims set
forth below.

What 1s claimed 1s:

1. A flexural pivot, comprising;:

a first flexure support member;

a second flexure support member rotatably coupled to the

first flexure support member for relative rotation about
a first axis;

a third flexure support member rotatably coupled to the
second flexure support member for relative rotation
about a second axis; and

a plurality of cross blade flexures rotatably coupling the
flexure support members to one another, each cross
blade flexure comprising first and second tlexible blade
units that have flexible blades arranged in a cross
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configuration, the tlexible blade units comprising blade

supports disposed at opposite ends of the flexible

blades to facilitate coupling the flexible blade units to
the flexure support members, wherein the flexible blade
and the blade supports of each flexible blade unit form

a monolithic structure, and wherein the flexible blades

extend perpendicularly from respective planar surfaces

of the respective blade supports.

2. The flexural pivot of claim 1, wherein at least one of the
flexible blade units further comprises travel stops associated
with the blade supports to mechanically limit a rotatable
range of motion.

3. The tlexural pivot of claim 1, wherein the tlexible blade
units are coupled to the flexure support members with
fasteners, and the blade supports comprise openings to
receive the fasteners.

4. The flexural pivot of claim 1, wherein the blade
supports are welded to the flexure support members.

5. The flexural pivot of claim 1, wherein adjacent blade
supports of the first and second flexible blade units are
welded to one another.

6. The flexural pivot of claim 1, wherein the first and
second flexible blade units of at least one of the cross blade
flexures are substantially i1dentical.

7. The flexural pivot of claim 1, wherein interface surfaces
of the blade supports and the flexure support members are
planar.

8. The flexural pivot of claim 1, wherein the flexible
blades are recessed relative to interface surfaces of the blade
supports to prevent the flexible blades from contacting
adjacent components.

9. The flexural pivot of claim 1, wherein the flexible blade
units are made of titanium or steel.

10. A flexural pivot system, comprising;

a flexural pivot including

a first tlexure support member,

a second flexure support member rotatably coupled to
the first flexure support member for relative rotation
about a first axis,

a third tlexure support member rotatably coupled to the
second flexure support member for relative rotation
about a second axis, and

a plurality of cross blade flexures rotatably coupling the

flexure support members to one another, each cross

blade flexure comprising first and second flexible

blade units that have flexible blades arranged in a
cross configuration, the flexible blade units compris-
ing blade supports disposed at opposite ends of the
flexible blades to facilitate coupling the flexible
blade units to the flexure support members, wherein
the flexible blade and the blade supports of each
flexible blade unit form a monolithic structure, and
wherein the flexible blades extend perpendicularly
from respective planar surfaces of the respective
blade supports;

a first structure coupled to the first flexure support mem-

ber; and

a second structure coupled to the third flexure support

member to facilitate relative rotation of the first and

second structures about the first and second axes.

11. The system of claim 10, wherein at least one of the
flexible blade units further comprises travel stops associated
with the blade supports to mechanically limit a rotatable
range of motion.

12. The system of claim 10, wherein the first and second
flexible blade units of at least one of the cross blade flexures
are substantially 1dentical.
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13. A method for making a cross blade flexure, compris-
ng:

obtaining a workpiece having a length;

forming a profile in the workpiece of a flexible blade and
blade supports disposed at opposite ends of the flexible
blade such that the profile extends along the length;

dividing the workpiece into portions along the length to
form a plurality of flexible blade units, each having the

same profile of flexible blades and blade supports 1n a

monolithic structure; and

pairing two of the flexible blade units such that the
flexible blades are arranged 1n a cross configuration to
form a cross blade flexure.

14. The method of claim 13, wherein forming a profile in

the workpiece comprises machining the workpiece.

15. The method of claim 14, wherein machining the
workpiece comprises electrical discharge machiming
(EDM).

16. The method of claim 13, further comprising forming
a profile 1n the workpiece of travel stops associated with the
blade supports.

17. The method of claim 13, further comprising recessing
the tlexible blades relative to interface surfaces of the blade
supports.

18. The method of claim 13, wherein the flexible blades
extend perpendicularly from planar surfaces of the blade
supports.

19. The method of claim 13, further comprising forming
openings 1n the blade supports to receive fasteners.

20. A flexural pivot, comprising:

a first flexure support member;

a second flexure support member rotatably coupled to the

first flexure support member for relative rotation about

a first axis;

a third flexure support member rotatably coupled to the
second flexure support member for relative rotation
about a second axis; and

a plurality of cross blade flexures rotatably coupling the
flexure support members to one another, each cross
blade tlexure comprising first and second flexible blade
units that have flexible blades arranged 1in a cross
configuration, the tflexible blade units comprising blade
supports disposed at opposite ends of the tlexible
blades to facilitate coupling the flexible blade units to
the flexure support members, wherein the flexible blade
and the blade supports of each flexible blade unit form
a monolithic structure, and wherein the flexible blades
are recessed relative to mterface surfaces of the blade
supports to prevent the flexible blades from contacting,
adjacent components.

21. A flexural pivot system, comprising:

a flexural pivot including
a first tlexure support member,

a second flexure support member rotatably coupled to
the first flexure support member for relative rotation
about a first axis,

a third tlexure support member rotatably coupled to the
second flexure support member for relative rotation
about a second axis, and

a plurality of cross blade flexures rotatably coupling the

flexure support members to one another, each cross
blade flexure comprising first and second flexible
blade units that have flexible blades arranged in a
cross configuration, the flexible blade units compris-
ing blade supports disposed at opposite ends of the
flexible blades to facilitate coupling the flexible
blade units to the flexure support members, wherein
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the flexible blade and the blade supports of each
flexible blade unit form a monolithic structure, and
wherein the flexible blades are recessed relative to
interface surfaces of the blade supports to prevent the
flexible blades from contacting adjacent compo- 3

nents;
a first structure coupled to the first tlexure support mem-

ber; and

a second structure coupled to the third flexure support
member to facilitate relative rotation of the first and 10
second structures about the first and second axes.
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